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Galaxy clusters contain large magnetic fields that make them excellent targets to search
for ultralight Axion-Like Particles (ALPs). ALP-photon interconversion imprints quasi-
sinusoidal oscillations on the X-ray spectra of point sources in or behind the cluster. The
absence of substantial oscillations allows us to place bounds on gaγγ . Here the bounds from
the Chandra X-ray observations of NGC1275 are presented, as well as those predicted for
the Athena X-ray observatory, due to launch in 2028.
1 ALP-photon conversion in galaxy clusters
The probability of conversion between Axion-Like Particles (ALPs) and photons in an external
magnetic field is a standard result [1, 2]. ALPs can naturally have very small masses, and for
ma . 10−12 eV the probability of conversion in a magnetic field takes the form:
Pa→γ =
1
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A2
(
ω
keV
)2
sin2
(
C
keV
ω
)
, (1)
where A ∝ B⊥gaγγ/ne for B⊥ the magnetic field perpendicular to the ALP wave vector, gaγγ
the ALP-photon coupling and ne the electron density, and C ∝ neL for domain length L. This
equation holds for A 1, which is generally true in galaxy clusters, where magnetic fields are
O(µG) with coherence lengths O(10 kpc), and electron densities O(10−3 cm−3).
For these parameters, the ALP-photon conversion probability will imprint quasi-sinusoidal
oscillations on the spectrum of a source in the energy range 1-10 keV [3, 4, 5]. Equation 1 shows
that oscillations will be small and rapid at low energies, with increasing amplitude and period at
higher energies. The lack of information about the 3D structure of intracluster magnetic fields
precludes a precise model of these oscillations; however, their absence in the X-ray spectra of
point sources in or behind clusters can constrain gaγγ [6, 7].
Figure 1 illustrates the energy-dependent survival probability for a photon passing across
300 domains of a magnetic field model for the Perseus Cluster, which has an estimated central
magnetic field value of 25µG [8]. The Perseus Cluster hosts a very bright Active Galactic
Nucleus (AGN) in its central galaxy NGC1275, whose intrinsic spectrum dominates the back-
ground cluster emission and is well described by an absorbed power law [9, 10], making it an
ideal target for ALP searches.
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Figure 1: A randomly generated photon survival probability along the line of sight from
NGC1275 to us: unconvolved (blue), convolved with a Gaussian with FWHM 150 eV (the
energy resolution of Chandra’s ACIS-I detector (red)) and 2.5 eV for Athena’s X-IFU detector
(orange). A central magnetic field of B0 = 25µG was used, with gaγγ = 5× 10−13 GeV−1. At
energies < 2 keV Chandra is unable to resolve oscillations, while Athena’s sensitivity is almost
indistinguishable from the unconvolved case.
2 Deriving bounds on gaγγ
We use a tangled, random domain model for the magnetic field in Perseus, with a central mag-
netic field value of B0 = 25µG, following [8]. The electron density distribution in Perseus [11]:
ne(r) =
3.9× 10−2
[1 + ( r80 kpc )
2]1.8
+
4.05× 10−3
[1 + ( r280 kpc )
2]0.87
cm−3, (2)
determines the radial scaling B(r) ∝ ne(r)0.7, based on the most conservative exponent value
inferred from the cool core cluster A2199 [12]. We generate the magnetic field over 300 domains,
whose lengths are drawn from a Pareto distribution between 3.5 kpc and 10 kpc with power 2.8,
also motivated by A2199. In each domain the magnetic field and electron density are constant,
with a random direction of B. We generate 50 different configurations for each value of gaγγ ,
and calculate the survival probability of a photon passing through (see [4]).
We multiply this survival probability by an absorbed power law plus thermal background:
F0(E) = (AE
−γ + BAPEC)× e−nHσ(E,z), (3)
where A and γ are the amplitude and index of the power law, E is the energy, nH is the
equivalent hydrogen column, σ(E, z) is the photo-electric cross-section at redshift z, and BAPEC
is the standard plasma thermal emission model. We use parameters derived from the best fit
values from the data. For each of these 50 models, we simulate 10 fake PHAs, giving a total
of 500 fake data sets. We fit the fake data to the AGN spectrum model without ALPs and
calculate the resulting reduced χ2. If χ2fake < χ
2
data (fit to the same no-ALP spectrum model)
for fewer than 5% of the configurations, then that value of gaγγ is excluded at 95% confidence.
We repeat the process for different gaγγ until this condition no longer holds, producing the
bound.
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3 Bounds from Chandra data of NGC1275
Athena (X-IFU) Chandra (ACIS-I)
Energy range 0.2–12 keV 0.3–10 keV
Energy resolution 2.5 eV 150 eV
at 6 keV
Spatial resolution 5 arcsec 0.5 arcsec
Time resolution 10 µs 0.2 s
(2.8 ms single row)
Effective area 2 m2 @ 1 keV 600 cm2 @ 1.5 keV
Table 1: Parameters taken from the Athena Mission Proposal
and the Chandra Proposer’s Guide.
The Chandra X-ray Observa-
tory is well suited to resolving
point sources in galaxy clus-
ters, due to its excellent angu-
lar resolution of 0.5′′. Archival
data contains a set of 4 ob-
servations of NGC1275, taken
with the ACIS-I instrument in
2009 (OBSID 11713, 12025,
12033 and 12036). These com-
prise 230 000 counts in total,
and have the least pileup con-
tamination of all the NGC1275
observations. In order to
‘clean’ these observations further we remove the brightest, most contaminated central pix-
els from the analysis. The resulting spectrum has modulations O(10%). From this data we can
constrain gaγγ . 1.4× 10−12 GeV−1 at 95% confidence, for B0 = 25µG [13]. This represents a
factor of 3 improvement over the bounds from SN1987A in this mass range [14]. Similar bounds
have been derived from observations of M87 [15] and 2E3140 [16].
4 Projected bounds from Athena observations of NGC1275
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Figure 2: Overview of exclusion limits on axion couplings
vs mass. Full references can be found in the Particle Data
Group review on Axions and other similar particles [22].
The Athena X-ray observatory, due
to launch in 2028, will carry the
X-ray Integral Field Unit (X-IFU),
a microcalorimeter with an energy
resolution of ∼ 2.5 eV [17, 18]. This
will allow X-IFU to resolve narrow
spectral oscillations, while a read-
out time O(10µs) will ensure pileup
contamination is minimised [19], de-
spite a much larger effective area
(see Table 1 for a summary of its
properties).
In [20] we simulate the perfor-
mance of Athena using the Simu-
lation of X-ray Telescopes (SIXTE)
code. It aims to offer an end-to-
end simulation, modelling the tele-
scope’s vignetting, ARF and PSF,
and X-IFU’s response, event recon-
struction and pileup [21]. We use
xifupipeline to produce fake data
both with and without ALPs. The procedure to determine bounds follows that of Section 2, the
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only difference being that – instead of real data – we generate 100 fake data sets without ALPs
and calculate the average reduced chi-squared. If this is less than the reduced chi-squareds of
the data sets with ALPs for fewer than 5% of cases, then gaγγ is excluded at 95% confidence.
For a simulation of 200 ks, assuming Athena does not see any unexpected spectral modula-
tions, we derive a projected bound of gaγγ . 1.5× 10−13 GeV−1 at 95% confidence, as shown
in Figure 2 alongside the Chandra bound and published data limits.
5 Conclusion
The absence of modulations in the X-ray spectra of point sources in galaxy clusters produce
excellent constraints on gaγγ . The bound gaγγ . 1.4× 10−12 GeV−1 from Chandra data of
NGC1275 is world-leading for ma . 10−12 eV. Athena’s groundbreaking energy resolution has
the potential to push this bound down to gaγγ . 1.5× 10−13 GeV−1: an order of magnitude
improvement, and the strongest cosmology-independent bound in this mass range of any current
or currently-planned experiment.
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